Abstract The present study demonstrates the alterations in the frequencies of helper, cytotoxic and suppressor T cells in blood of P. berghei infected and TPA immunized rodent host towards the induction of protective immune response. Statistically significant (p \ 0.005) number of CD4
Introduction
Immunity to asexual stages during Plasmodium infection involves both antibody-dependent and T cells dependent mechanisms which are essential in the induction and maintenance of immunity (Troye-Blomberg et al. 1994) . Infection with Plasmodium causes T cell activation, T cell lymphopenia and T cell dysfunction in host (Kemp et al. 2002) . T-helper and T-cytotoxic cells play critical roles in eliminating malarial parasites. It has been reported that in P. c. chabaudi AS infected host protective immunity to blood stage malaria requires both CD4
? T cells and antibodies. Sequential activation of Th1 and Th2 cells is also critical for protection as it contributes to protective immunity during infection and the balance between these two subsets determines the outcome of the disease (Wipasa et al. 2002) .
Cellular immnity during liver stage is mostly mediated by CD8
? T cells, CD4 ? T cells, NK cells and T cells. Helper T cells assist B cells to secrete a high level of protective antibodies, which help in the induction of cytotoxic T cells and directly inhibit the development of liver stage of Plasmodium (Taylor-Robinson 1995) . CD8
? T lymphocytes are very important in the immune response against Plasmodium infection and have been established as key effectors in protective immunity against pre-erythrocytic-stages of infection. Effector function of these cytotoxic cells is associated with the production of inflammatory cytokines such as IFN-c or TNF-a, which mediate elimination of the parasite within the hepatocytes by the NO pathway. The thrombospondinrelated anonymous protein (TRAP; also known as sporozoite surface protein 2) of P. yoelii has been shown to induce CD8
? T cells (Ho et al. 1995) . Treg cells play a significant role in the modulation of inappropriate immune responses that lead to the induction of pathogenic CD8
? T cell clones during cerebral malaria. These cells prevent the development of parasite specific Th1 memory cells (Nie et al. 2007) . Tregs prevent the development of parasite-specific Th1 memory cells during a parasitic infection demonstrating a regulatory role for this cell population in the control of pathogenic responses leading to fatal disease. They are the subset of immunosuppressive lymphocytes that are known to inhibit both the IL-2 production and cell proliferation of conventional CD4
? T lymphocytes (Thornton and Shevach 1998) . Therefore, the present study was undertaken to investigate the role of various T cell populations (CD3 ? , CD4 ? , CD8
? and regulatory T cells) in blood of lethal P. berghei (NK-65) infected and total parasite antigen (TPA) immunized rodent host towards the induction of protective immune response.
Materials and methods

Experimental animal
For the present study, inbred mice from BALB/c strain of either sex (20-25 g) were used as experimental model. Mice were procured from IMTECH (Institute of Microbial Technology), Chandigarh and were given pellet feed and water. For handling and care of mice, guidelines approved by the Institutional Animal Ethics Committee (45/99/ CPCSEA) of the Panjab University, Chandigarh were followed.
Maintenance of parasite and experimental design
Lethal P. berghei (NK-65) was maintained in BALB/c host by intra-peritoneal (i.p) inoculation of 1 9 10 6 parasitized RBCs from infected to naive mice. Giemsa-stained thin blood smears were studied to check the course of parasitemia (Santiyanont 1985) .
For the present study following groups of mice were used: GP-I: Placebo control BALB/c mice/1 9 10 6 P. berghei infected BALB/c mice (n = 30). GP-II: Immunized BALB/c mice (n = 35). GP-III: Normal BALB/c mice (n = 15).
Isolation of total parasite antigen (TPA)
Blood was obtained by jugular vein incision from infected mice and subjected to saponin lysis to obtain cell free parasite. Then it was centrifuged at 800 g for 15 min after sonication on ice for 30 s to obtain the total parasite antigen (TPA) (Banyal et al. 1979) . The protein concentration in TPA was estimated using BSA standard (Lowry et al. 1951 ).
Immunization of animals
On Day 0 (D0), mice of GP-II group were injected subcutaneously (s.c.) with 100 lg of TPA emulsified in Freund's complete adjuvant (FCA). Two booster doses were administered with similar amount of protein in Freund's incomplete adjuvant (FIA) on D14 and D28. Mice of group-1 (GP-I) were administered with PBS (0.01 M, pH 7.2) along with Freund's adjuvant (FCA/ FIA) on similar days (Bagai and Pawar 2013) . On D35, both groups were challenged with 1 9 10 6 P. berghei infected erythrocytes.
Preparation of blood samples for Flow cytometry analysis (FCM)
Blood of experimental animals was subjected to density gradient centrifugation by using Histopaque 1077 (Czuprynski and Brown 1998) . Isolated lymphocyte cell count was done by Neubauer's haemocytometer.
The upper white layer of mononuclear WBCs was aspirated after centrifugation of blood overlayed on Histopaque at 300 g for 30 min in REMI (8C). 2 ml of FACS (Fluroscent activating cell sorter) buffer was added to it after draining out plasma. It was centrifuged at 300 g for 5 min, supernatant was discarded and pellet of mononuclear cells (MNCs) was suspended in FACS buffer.
Quantification of T helper and T cytotoxic cells
Anti-mouse CD3
? (FITC conjugated, clone 17A2 mAb), CD4
? (PE conjugated, clone H129.19 mAb), CD8 ? (APC conjugated, clone 53-6.7 mAb) were used for quantification of T helper and T cytotoxic cells. These antibodies were purchased from BD Biosciences, Singapore. Isolated mononuclear cells were quantified by FACS Calibur BD in Central Sophisticated Instrumentation Faculty (CSIF) at PGIMER, Chandigarh after collecting 10,000 events. The results were analyzed using BD FACS DIVA software (Bierer et al. 1989 ).
Quantification of T suppressor cells
Isolated MNCs from various groups were processed for T suppressor cell analysis. Antibodies viz; anti mouse CD4
? (APC conjugated), FoxP 3? (PE conjugated) were purchased from BD Biosciences, Singapore. Samples were analyzed using BD FACS DIVA software on flow cytometer (FACS Calibur BD) after collecting 10,000 events (Hori et al. 2003) .
Statistical analysis of data
Data collected from various experiments was subjected to statistical analysis. Mean ± SD of five mice was used to obtain data. Student's t test was applied to determine the statistical significance and inter group difference of various parameters. Data of the immunized and control groups were compared and the p value \0.05 has been termed as statistically significant value.
Results
Course of infection in immunized mice
Parasite appeared on day 3 post challenge (PC) in GP-II though maximum infection (10.28 ± 1.01 %) was observed on D12 (PC). No parasite was observed in blood smear after D18 and all the animals of immunized group survived the challenge. Parasite appeared on D2 [post infection (PI)] in GP-I mice and typical P. berghei infection pattern was observed. Maximum infection of 43.56 ± 2.21 % was recorded on D8 (PI). All the animals of control group died by D9 (Fig. 1) .
Immunophenotyping of various T cells
Mice of various groups were sacrificed on D0, D1, D3, D5, D6, D7, D9 and D20.
CD3
1 cells
The percentage of CD3 ? T cells was found to be significantly higher (p \ 0.005) in immunized group as compared to controls. In TPA immunized blood, number of CD3 ? cells was observed to be significantly increased after 24 h of infection and remained higher till D9 (PC). In control group, cell number increased significantly after 24 h of infection, followed by a decline on D7 (PI) after which all control mice died by D9 (PI) (Figs. 2, 3) .
Analysis of T helper and T cytotoxic cells
T helper cells in blood of TPA immunized mice were found to be significantly (p \ 0.005) elevated as compared to controls. In immunized mice, CD4
? T cell number was also found to be increased till D9 (PC) as compared to controls. After parasite clearance on D20, cells were significantly declined. Due to the weak Th2 immune response, all the mice of control group died, whereas, immunized mice exhibited higher frequencies of CD4
? T cells. It points to strong Th2 immune response leading to complete survival in this group. Increase in the CD4
? T cells in infected controls was also observed till D7 (PI) (Figs. 2, 3) .
In TPA immunized mice, statistically significant (p \ 0.005) higher percentage of CD8
? T cells was recorded as compared to controls. In immunized group, percentage of CD8
? T cells was found to be significantly high till D3 (PC), whereas, in infected controls, CD8
? T cells were found to be high till D7 (PI) and declined on D9 (PI). After parasite clearance (D20) the percentage of CD8
? T cells was found to be declined in GP-II (Figs. 2, 3 ).
T suppressor cell analysis
In GP-II mice, the frequencies of CD4
? Treg cells were found to be significantly (p \ 0.005) declined as compared to controls. In immunized group percentage of CD4 ? Treg cells were found to be reduced on D6 (PC), whereas, in controls it increased on D1 (PI) and remained so till all mice of control group died. In GP-II, higher numbers of CD4
? Treg cells were observed on D6 (PC) which declined on D9 (PC). It points towards the stimulation of humoral immune response as evident from increased CD4
? T cells which decreased after D20 (Fig. 4) .
Discussion
During blood-stage P. chabaudi infection in mice, a switch from a Th1 to a Th2 response takes place, which is necessary for host survival and cure of the infection. The cellular composition of peripheral blood is drastically altered around peak parasitemia, with a sharp decrease in both frequencies and absolute numbers of CD3 ? T cells (Helmby et al. 1998) 
. Frequencies of CD3
? T cells were found to be significantly (p \ 0.005) decreased with rise in infection in controls as compared to immunized in present study too. CD4 ? T cells have been reported to mediate protective immunity to control blood stage parasites especially in parasite clearance (Wipasa et al. 2002) . During self clearing of P. chabaudi infection, a 50 % decrease was Fig. 1 Course of parasitaemia in GP-I and GP-II groups of mice after injection with 1 9 10 6 P. berghei infected cells. The parasitemia was determined by examining Giemsa-stained thin blood smears of individual mice daily after injection. Parasitemia (mean ? SD) of the immunized and control mice is plotted versus days post-infection observed in number of CD4
? T cells on D9 to D18 (PI). Dick et al. (1996) revealed that the malaria antigens induced expansion of CD4
? cells from malaria nonexposed individuals. Higher CD4 ? /CD8 ? T-cell ratios in the malaria-exposed individuals result from stimulation with live intact parasite antigens. Increased frequencies of CD4
? and CD8 ? T cells and their respective cytokines in spleen of TPA immunized mice have been reported earlier in our laboratory too (Kumar et al. 2015) . The number of CD4
? T cells was also observed to be significantly (p \ 0.005) increased till D7 (PI) and declined on D9 (PI) leading to death of all the mice in infected control group. Whereas, in TPA immunized mice, CD4
? T cells significantly (p \ 0.005) increased on D1 (PC) and remained so till the parasite was cleared from blood and all mice survived the challenge. The consequences of increased number of CD4
? cells in P. vivax infected people render a proinflammatory environment including induction of nitric oxide synthase, antimicrobial peptides and other cytokines leading to a favorable immune response against the parasite (Imai et al. 2010) . Lau et al. (2011) reported 30 % splenic CD8 ? T-cells in blood stage P. berghei ANKA infection. These cells are responsible for primary parasite specific CTL response. In previous studies also lower percentage of CD8
? peripheral blood lymphocytes was reported indicating that immune suppression is more pronounced in P. falciparum than P. vivax infection. During P. falciparum infection CD8
? cells have been reported to decrease in both percentage and absolute number (Lau et al. 2011) . CD8 ? T cells provide protection in mice from asexual stages of Plasmodium via secretion of IFN-c and its cytotoxic activity. IFN-c from CD8
? T cells activates the macrophages leading to the phagocytosis of parasitized erythrocytes (Imai et al. 2010 ). In present study also, TPA immunized mice showed significant increase in the frequencies of CD8
? T cells in blood as compared to infected controls indicating the activation of cytotoxic T cells and preventing infection by secreting their respective cytokines. Earlier in our study, the frequencies of CD8
? T cells and IFN-c were also found to be high in TPA immunized serum of mice, providing complete protection against parasite (Kumar et al. 2015) .
During Plasmodium infection, Treg cells have been shown to inhibit effector T cell responses resulting in inadequate immune response to the pathogen. A tight balance between CD4
? Foxp3 ? regulatory T cells and effector CD4
? Th1 cells is necessary to effectively control and eliminate Plasmodium infection (Ho et al. 1995) . In correlation with above findings, our study showed that infected controls had higher number of CD4
? Treg cells till D9 (PI), whereas, in TPA immunized group, it was significantly (p \ 0.005) decreased on D6 (PC). After parasite clearance (D20), significant increase was found in frequencies of CD4
? Treg cells. In conclusion, our data showed that humoral as well as cell mediated immune responses were stimulated in lethal P. berghei (NK-65) infected mice. TPA immunized group of mice showed generation of effective humoral as well as cell mediated immune response which was confirmed by the continuous increase in the frequencies of helper T cells and cytotoxic T cells leading to complete protection. However, Treg cells were declined in immunized group, whereas, these increased in control group.
